The refractory black carbon (rBC) mass, size distribution (190-720 nm) and mixing state in submicron aerosols were characterized from late February to March 2007 using a single particle incandescence method at the high alpine research station Jungfraujoch (JFJ), Switzerland (46.33 • N, 7.59 • E, 3580 m a.s.l.). JFJ is a ground based location, which is at times exposed to continental free tropospheric air. A median mass absorption coefficient (MAC) of 10.2 ± 3.2 m 2 g −1 at λ = 630 nm was derived by comparing single particle incandescence measurements of black carbon mass with continuous measurements of absorption coefficient. This value is comparable with other estimates at this location. The aerosols measured at the site were mostly well mixed and aged during transportation via the free troposphere. Pollutant sources were traced by air mass back trajectories, trace gases concentrations and the mass loading of rBC. In southeasterly wind directions, mixed or convective weather types provided the potential to vent polluted boundary layer air from the southern Alpine area and industrial northern Italy, delivering enhanced rBC mass loading and CN concentrations to the JFJ. The aerosol loadings at this site were also significantly influenced by precipitation, which led to the removal of rBC from the atmosphere. Precipitation events were shown to remove about 65% of the rBC mass from the free tropospheric background reducing the mean loading from 13 ± 5 ng m −3 to 6± 2 ng m −3 (corrected Correspondence to: D. Liu (dantong.liu@postgrad.manchester.ac.uk) to standard temperature and pressure). Overall, 40± 15% of the observed rBC particles within the detectable size range were mixed with large amounts of non-refractory materials present as a thick coating. The growth of particle size into the accumulation mode was positively linked with the degree of rBC mixing, suggesting the important role of condensable materials in increasing particle size and leading to enhanced internal mixing of these materials with rBC. It is the first time that BC mass, size distribution and mixing state are reported in the free troposphere over Europe. These ground based measurements also provide the first temporal study of rBC in the European free troposphere quantitatively measured by single particle methods. At the present time there is only limited information of BC and its mixing state in the free troposphere, especially above Europe. The results reported in this paper provide an important constraint on modelled representation of BC.
Introduction
The chemical composition of aerosols plays an important role in determining their hygroscopic and optical properties, which are key factors in determining the cloud activation and the aerosol radiative effect respectively. The black carbon (BC) particle fraction is extremely important because it is insoluble and is a strong light absorber at mid-visible and near infrared wavelengths . It has been considered as having the second most important
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warming influence after carbon dioxide (Ramanathan and Carmichael, 2008) . BC is produced through a range of combustion processes that are not fully completed (Bond et al., 2004) , e.g. fossil fuel combustion and biomass burning. It is refractory and initially hydrophobic (e.g. Weingartner et al., 1997) , and this combined with its size distribution being biased towards the fine mode (Harris and Maricq, 2001; Kondo et al., 2006; Clarke et al., 2004) , means that BC is less efficiently scavenged compared with other more hydrophilic and larger particles. After emission into the atmosphere, BC is processed by the condensation of secondary material such as sulfates, nitrates or organic matter, increasing the size and hygroscopicity of the particles (e.g. Dusek et al., 2006a) . During atmospheric ageing, the refractory component of BC is chemically quite stable and so is relatively invariant, making BC an tracer of primary pollution, though its mixing state changes markedly. It has been used to compare the extent to which secondary material has formed on a particle population, i.e. by comparing with the relative amount of organic aerosols (Turpin and Huntzicker, 1995) .
The sink of BC is primarily governed by wet deposition (Textor et al., 2006; Jacobson, 2004) . The atmospheric lifetime of BC is particularly controlled by the time scale for BC to be converted from its initial hydrophobic state to a hydrophilic state. Modelling and observational studies have revealed that BC is more likely to act as a cloud condensation nucleus (CCN) at much lower critical sizes if coated (Henson, 2007; Dusek et al., 2006a) , but this will depend on the composition of the coating material (Petzold et al., 2005a) . However, due to the systematic limitations of most of the current bulk-based BC measurements (Collaud Coen et al., 2010) , direct examination of BC mixing state is not possible. Furthermore, treating BC as internally or externally mixed can result in large differences in predictions of the global radiative budget (e.g. Chung and Seinfeld, 2002) , due to the enhancement of the mass absorption efficiency when BC is internally mixed (Bond et al., 2006 and references therein) . The impact of BC absorption can be further amplified when deposited on snow (Hansen and Nazarenko, 2004) or incorporated into cloud particles (Jacobson, 2006) because of the high reflectivity of the surrounding material.
The BC content of an aerosol layer has great impact on the positive radiative forcing of the solar-atmosphere system in the upper troposphere/lower stratosphere (UT/LS) because of its absorption of direct solar radiation (Ramanathan and Carmichael, 2008) , in addition, it has the potential to be involved in ice nucleation, consequently reducing the cloud coverage to weaken the indirect cooling effect (Lohmann, 2002) . The extent to which BC can be transported from ground sources to the UT/LS is highly dependent on its mixing state, as convection and frontal uplift provide the main mechanisms for transport from the boundary layer, during which the hydrophilic BC can be more efficiently removed via wet deposition. Alternatively, BC can be directly injected into the UT/LS by aircraft emissions at high altitude. However, a recent study by Hendricks et al. (2004) showed that the contribution from aircraft emissions in the UT/LS is minor but that different predicted BC size distributions lead to different impacts. Schwarz et al. (2008a) obtained profiles of BC from near-ground atmosphere to UT/LS in the tropical US, and observed that BC with a thicker and prevalent coating would result in absorption enhancement of at least 30% in the upper troposphere compared to BC that is assumed to be uncoated. These studies highlight the important contribution of BC from ground sources via vertical transport and the desirability to investigate the mixing state of BC.
To address questions related to the size distribution and mixing state of BC in sub-micron aerosols, a study was conducted at the Sphinx Laboratory of the Jungfraujoch highalpine research station (46.33 • N, 7.59 • E, 3580 m a.s.l.), Switzerland. The research station is located at the northern side of the main central European Alpine area, and provides an ideal site to study aerosols which have been transported to the free troposphere from a large range of sources across Europe and northern Africa. The site also receives pollution from local valleys primarily during the summer months. The transported particles contain considerable amounts of secondary material, as well as processed and/or relatively fresher primary particles. The refractory BC particles (rBC) 1 in the accumulation mode were characterized via a single particle soot photometer (SP2), which also measured the optical size of both rBC and non-absorbing particles. The instrument is highly sensitive to low concentrations of aerosols, providing a clear segregation of rBC from other types of aerosols, and additionally can be used to derive information regarding the mixing state of rBC on a single particle basis. This paper investigates the behaviour of rBC at this site in a late winter season, considers the particle lifetime, and describes how removal processes relate to the size distribution of rBC and its mixing state. It was the first time that the behaviour of BC has been investigated on a particle by particle basis in the lower free troposphere over Europe.
Site description and meteorological conditions
The data presented in this paper was sampled during the sixth experiment within the CLoud and Aerosol Characterization Experiments (CLACE6) programme conducted at the Jungfraujoch (JFJ) research station in the winter of 2007. This measurement site is surrounded by glaciers and rocks, and no local vegetation is present. The location and altitude make this site far remote from significant pollution 1 With respect to the terminology of BC, the incandescence channel of the SP2 (Sect. 3.2) measures the refractory black carbon (rBC) (Schwarz et al., 2010) as opposed to the light absorbing carbon (suggested by , or BC that is most often used in models or derived from filter based optical absorption measurement. Therefore the rBC is used in this paper to consistently define the BC properties measured using this instrument.
sources and the local emissions from the station and the tourist facilities are negligible since all heating is electrical and other combustion sources are kept at a minimum.
During summer, the local meteorology and topography exert a predominant influence on the JFJ. The site is influenced by a combination of valley-mountain and mountain up-slope circulations, giving a clear diurnal cycle of aerosol concentrations as a result of the injection of planetary boundary layer air into the free troposphere air during the afternoon. On occasion, the JFJ site can also be a receptor of pollutants from regional sources, for example from the Po Valley caused by ascent of air from the convective boundary layer. This mainly occurs under subsidence conditions associated with the presence of an anticyclone over the Alps (Lugauer et al., 1998 (Lugauer et al., , 2000 . Vertical transport tends to be more frequent during the summer months but has also been observed in wintertime (Zellweger et al., 2003) . During the winter months, the convective processes are much less vigorous and aerosol concentrations are mostly controlled by regional and long-range tropospheric circulation systems Lugauer et al., 1998) . The long-term aerosol measurements from this site have been thoroughly analyzed and reported by Baltensperger et al. (1997) and .
Continuous aerosol sampling was conducted during CLACE6 from mid February 2007 to mid March 2007. For most of this time, the high-alpine site was receiving remote continental/marine air masses from the free troposphere, but under the influence of varying anticyclonic air systems, pollutants from different regions of Europe and Atlantic Ocean (Fig. 1 , A1-A5) were observed. The dominant local horizontal wind directions measured by a sonic anemometer (Metek, manufactured by Lymington, UK) were observed to be from either the north (N) or southeast (SE) (Fig. 1, B) . This wind pattern has been observed in other studies and is due to the JFJ location between the Jungfrau (4158 m) and Mönch (4089 m) mountains, channelling the local flow in a north-western or south-eastern direction. In the northerly wind direction, air from the Swiss plateau is advected to the Jungfraujoch, while in south-easterly winds, the air comes from the southern Alpine area and industrial northern Italy. Alfarra et al. (2007) have shown that many rural regions in the Alps rely on wood burning for home heating during the winter and this provides a significant source of particulate in this season. However, the site was subjected to periods of heavy precipitation during the first half of the experiment, resulting in a considerable fraction of aerosols being washed out. Clouds were present at the site for approximately 60% of the experimental period. The phase of the cloud varied from periods when liquid-water clouds were dominant to periods when the clouds were almost entirely composed of ice particles. The aerosols sampled at this site experienced a combination of precipitation and cloud processing.
The aerosol data were also analysed as a function of the synoptic weather types defined by Schüepp (1979) in the Alpine Weather Statistic (AWS), which is a synoptic weather type parameterization that describes the synoptic meteorology over the whole Swiss region. The classification is based on the combination of four key parameters : 1) speed of the surface wind derived from the surface pressure gradient, 2) direction and speed of the 500 hPa wind, 3) height of the 500 hPa surface over the central point of the system, 4) baroclinicity. This results in 40 weather situations which can be grouped into three basic weather types (convective, advective, mixed) and eight extended weather types (Table 1). For the advective types, the horizontal motion of the atmosphere is dominant (which in Alpine areas may lead to well marked up-slope and lee phenomena, e.g. Föhn), while for convective types vertical motion is dominant. For the mixed weather type, both horizontal and vertical wind components are significant. Lugauer et al. (1998 Lugauer et al. ( , 2000 showed that these weather types had a strong influence on the aerosol signal at the Jungfraujoch.
3 Instrumentation, sampling and data analysis methodology
Sampling inlet
Aerosol particles were sampled using an inlet system mounted on a platform above the Sphinx Laboratory. This sampling inlet was fitted with a heater (25 • C) on its upstream end, which was designed to evaporate cloud particles with an aerodynamic diameter smaller than 40 µm at wind speeds up to 20 m s −1 (Weingartner et al., 1999) . Larger particles may penetrate the inlet at lower wind speeds, thus both the particles incorporated into cloud particles and non-activated interstitial aerosols can be sampled. The instruments were located behind the inlet system in the laboratory at room temperature and the aerosols were sampled under dry conditions (Relative Humidity < 20%). A separate inlet system close to the aerosol inlet was used for the observation of gaseous species. It consists of a stainless steel tube (inner diameter 90 mm) heated to 10 • C and ventilated at 850 L min −1 , a glass manifold (inner diameter 40 mm) flushed with 250 L min −1 and perfluoroalkoxy (PFA) teflon tubes to connect the instruments to the glass inlet.
The instrumentation
The physical properties of rBC were characterized by a single particle soot photometer (SP2, manufactured by Droplet Measurement Technologies©, DMT, Boulder, USA). The SP2 can optically size particles in the diameter range 200 nm-720 nm. An intra-cavity Nd:YAG laser beam (Stephens et al., 2003) (1.064 µm, TEM oo mode, intensity ∼ 1MW cm −2 ) is used for particle detection on a single particle basis (Schwarz et al., 2006) . As particles pass through the laser beam they scatter the laser light and hence their optical size can be determined by analyzing the peak amplitude of the scattered light signal. If the particle contains strongly absorbing components, such as BC, it also absorbs the laser radiation and is heated, thus exceeding the boiling temperatures of any non-refractory coatings, before the refractory absorbing core eventually incandesces and emits significant thermal radiation. The emitted black body radiation is proportional to the mass of the absorber and the boiling point of the absorbing core is characteristic of the composition of the particle (Schwarz et al., 2006) . Incandescence radiation is measured using two detectors, one has a broad bandwidth and the other is set at a narrow bandwidth close to the maximum of the blackbody radiation emitted by incandescing rBC. The ratio of signals from these two detectors provides information on the temperature of the incandescing particle and hence its composition. Two further detectors characterize the intensity of the scattered laser radiation. All detectors record the evolution of single particle-laser interactions simultaneously with a time resolution of 0.2 µs. The particles are classified as rBC or non-BC according to the presence of the incandescence signal.
The mass determination of rBC by the SP2 has been observed to be independent of particle shape and the coating components of rBC to a large extent (Moteki and Kondo, 2007) . Hence the SP2 can be calibrated by absorbing particles whose mass can be determined. The incandescence signal was calibrated using commercially available standard glassy carbon spheres (supplied by Alpha Aesar, Inc., Ward Hill, Massachusetts, with density 1.42 gcm −3 ), which were size-selected by introducing a differential mobility analyzer (DMA) upstream of the SP2 down to single particle mass loadings of about 12 fg. Multi-charged particles were rejected using the scattering signal measured by the SP2. The calibration between the rBC mass and peak intensity of the incandescence signal was shown to be linear (R 2 = 0.97) when single rBC mass is below 130 fg, agreeing with the laboratory results by . The composition of the absorbing component of ambient particles was determined from the ratio of the two incandescence signals, in turn rBC particles were identified and their mass was determined from the calibrated peak intensity of the incandescence signal. The diameter of the rBC core is termed as the mass equivalent diameter (D ME ), since it is determined from the mass, and given by:
Where M is the particle refractory mass derived from incandescence signal with uncertainty ± 5-9%, ρ BC is used as the average effective density of atmospheric rBC (1.9 gcm −3 ) recommended by . In reality, BC is likely to be irregular in shape thus D ME provides a minimum estimation of the surface of the atmospheric soot particle. This uncertainty is significantly reduced when thick coatings are present which restructure the BC by compacting soot aggregates (Weingartner et al., 1995) .
Monodispersed polystyrene latex spheres (PSL, refractive index ∼ 1.59, Gao et al., 2007) of known sizes were used to calibrate the scattering signal and monitor the laser intensity throughout the experiment. Laser power variation was less than 10% during the entire operation period of the SP2, resulting in variations of optical size of less than 6%. Additionally, Baumgardner et al. (2007) point out the uncertainty in the derived optical diameter is within ± 30 nm, assuming the coating is sulphate. Overall, the optical diameter (D O ) of non-absorbing particles can be determined from PSL calibration with uncertainty about ± 8% within size range 200-720 nm for this study, and the optical size below or above the SP2 detection limit will not be triggered or saturate the detectors respectively.
The D O for absorbing particles can be underestimated because the particle size will begin to decrease before it reaches the centre of the laser beam as the coating material evaporates, which means the detected scattering signal does not correctly represent the original optical size. An extrapolation technique can overcome this problem by applying a detectable laser beam center position and fixed signal distribution shape . This needs a hardware modification that had not been carried out on the instrument at the time of the experiment. The uncertainty of optical sizing of rBC is estimated to be about 6-55% by comparing the scattering signal of rBC and non-absorbing particles of the same size in the laboratory study afterwards. This effect is more significant for larger rBC cores and with higher volatility of coating materials. In addition, soot aggregation can enhance the scattering property significantly (Liu and Mishchenko, 2005) . The mass fraction (MF) of a rBC core of mass M, is calculated by Eq. (2):
The average density of a particle (ρ av ) used in this study was 1.8 g cm −3 , following Cross et al. (2007) . The uncertainty of the density can vary with coating composition by approximately 41% from pure sulfate to organic. However, in reality the coating is typical multi-component. The overall uncertainty for M resulting from the ρ av is estimated to be ± 23%. A significant number of rBC particles are smaller than the lower detection limit of the SP2, which is about 190 nm in this study (∼ 6 fg rBC mass), leading to systematic underestimation of rBC mass. To account for this, previous studies have estimated the total BC by extrapolating the mass size distribution according to a single lognormal mode (Schwarz et al., 2006) . A similar approach is applied to the dataset presented in this paper (constrained at the modal centre, diameter 190-210 nm, Fig. 8a ), where about 40-60% mass or 30% number of the entire rBC population has been detected by the SP2. The mass or number concentrations of rBC presented in this paper have been corrected for these effects, and are quoted at standard temperature and pressure (STP; 273.15 K, 1013.25 hpa). The larger rBC particles that saturate the detectors represent about 0.2-0.6% of the total population of rBC, which is of minor importance in influencing the derived rBC total mass loading, and this fraction showed little variation under different conditions during this study.
In addition to the characterization by the SP2, a MultiAngle Absorption Photometer (MAAP, Thermo ESM Andersen) was employed to quantify the aerosol light absorption coefficient σ abs . The MAAP measured the transmission and the back scattering of a light beam at a defined wavelength (λ = 630 nm during this experiment) through a fibre filter, where the aerosol is sampled continuously and simultaneously. The light absorption coefficient is obtained from a radiative transfer scheme which corrects for artefacts caused by the interaction of the light with the filter material and offaxis detection at multiple angles is used to correct for the effect of scattering (Petzold and Schönlinner, 2004; Petzold et al., 2005b) .
A Condensation Particle Counter (CPC, TSI 3010 model) measured the condensation nucleus (CN) concentration of all sub-micron aerosols with a diameter greater than 10 nm. Therefore a measure of the sub-micron/accumulation mode ratio can be derived from the ratio of the particle numbers measured by the CPC and the SP2. The rBC number fraction is defined as the rBC number concentration measured by the SP2 relative to the CN concentration. Additionally, continuous observations of atmospheric trace gases such as carbon monoxide (CO) and nitrogen oxides (NO x ) were continuously performed as part of the Swiss National Air Pollution Monitoring Network.
Precipitation type was measured by the VPF-730 present weather sensor (BIRAL, UK). This instrument primarily determines the precipitation type by the measured ratio of the atmospheric back scattering coefficient to the atmospheric forward scattering coefficient. A ratio greater than a specific value indicates snow while a ratio lower than a threshold value indicates rain. As a secondary approach, the size and velocity distributions of the precipitation particles complement this primary measurement to provide information on different precipitation types. The precipitation particles are counted by measuring the amplitude and duration of the light pulse created by each precipitation particle as its falls through the sample volume. Small numbers of particles with distributions not indicative of rain or snow are considered not to be precipitation and are rejected by false alarm algorithms.
Results and discussions

rBC mass loading and absorption property
Figure 2 presents the time evolution of total rBC mass loading measured by SP2 and the light absorption coefficient determined by the MAAP during the entire experiment, indicating a general positive correlation between both instruments, as Fig. 3a further reveals.
Due to the indirect measurement of BC mass by the MAAP, an empirical converter, which is defined as mass absorption cross section (MAC) , is needed to translate the measured light absorption coefficient of bulk aerosols into the estimated BC mass. The absorption coefficient measured by the MAAP is obtained from the reported mass concentration multiplied by the MAAP internal MAC of 6.6 m 2 g −1 (Petzold et al., 2005b) . A variety of uncertainties can be propagated by this empirical conversion, because the MAC of BC is not a constant, rather it is associated with different sources and combustion conditions (Schwarz et al., 2008b) , and is highly influenced by the wavelength, size and mixing state of BC , i.e. the absorbing efficiency can be enhanced as much as 50% by an internal coating. Because of the capacity of the SP2 to directly measure the rBC mass concentration, the value of MAC can be derived through the following relationship involving the MAAP measured light absorption coefficient and the rBC mass concentration (MAC=σ abs /Mass BC ). The distribution of the MAC values for the BC particles measured in this study is presented in Fig. 3b . A median value 10.2 ± 3.2 m 2 g −1 of MAC at λ = 630 nm is obtained, which is higher than the previously measured results at this site during winter (7.6 m 2 g −1 ) obtained by Cozic et al. (2008a) , but lower than that in the summer (11.1 m 2 g −1 ) (Cozic et al., 2008a) . This discrepancy may partly result from the biases of the thermo-optical bulk measurements of the BC mass by Table 1 , with arrows denoting respective periods. Particularly, the time periods when the dominant horizontal wind direction is southeast (SE) are coloured as yellow columns; the dark blue columns mark the periods of heavy precipitation (heavy snow, precipitation particle concentration over 200 L −1 ) as recorded by a present weather sensor. Cozic et al. (2008a) , but can also be caused by the different aerosol sources and varying mixing state of BC, for example, the median MAC observed in this study falls within the reported MAC from biomass burning (13.3±3.0 m 2 g −1 ) by Schwarz et al. (2008b) , whereas the MAC from urban emission was observed to be much lower (7.5±2.0 m 2 g −1 ). Figure 3b provides a reference MAC value to translate the measured absorption coefficient to the BC mass at this site, and gives an estimate of the uncertainty for this conversion.
The uncertainties to determine the MAC values could arise from the random noise of the filter-based measurements and the systematic error to estimate the total rBC mass loading by extrapolating the SP2 detected mass size distribution with the assumption that the lognormal distribution could represent the rBC modes outside the SP2 detection (Fig. 8a ). An inter-comparison study by shows that the MAAP measurement of opticallyabsorbing mass was higher by ∼ 50% than that measured by the SP2, and this discrepancy could be further enhanced by ∼ 20% when soot was coated, given at this site the aerosols observed have experienced substantial transportation and intense cloud-precipitation scavenging. This may contribute to an overestimation of MAC values. In addition, the presence of light absorbing organic aerosols may also positively bias the conversion between absorption coefficient and BC mass (Lack et al., 2008; Subramanian et al., 2007) . 
The determination of BC mixing state
The peak incandescence signal of a rBC particle measured by the SP2 can be delayed relative to the peak scattering signal of the same particle if the rBC core is surrounded by a coating because the heat generated by the absorption of laser radiation from the absorbing core is used to evaporate the coating before the onset of incandescence. The time delay between the peak intensity of the scattering and incandescence signals gives a measure of the coating evaporation time (T ). T has been observed to exhibit a significant increase when rBC is substantially coated (Schwarz et al., 2006; Moteki and Kondo, 2007) , which is used to diagnose the mixing state of BC. Figure 4a gives two examples of single rBC particles, both with the same size of rBC core but with differing abundances of coating components. It can be seen that a thicker coating has increased the scattering signal and T for a given laser intensity.
As the coating on a particle increases, for a fixed rBC mass the MF will reduce and it is expected that T will increase. This behaviour is indicated in Fig. 4b , showing the 10 000 rBC particles collected during the experiment. Little variation in T is observed for particles with a MF above 0.27, because little time is required to evaporate thin coatings on rBC cores. These particles have such thin coatings that the definition of T is somewhat uncertain. On the other hand when particle MF < 27%, coating thicknesses become substantial and more time is required to evaporate them before particle incandescence occurs. Figure 4b shows a dramatic increase in T when the coating mass fraction is over 73% (MF < 0.27). The rBC particles within this region are likely to be entirely enclosed by relatively thick coatings, delaying the onset of incandescence, and the rest of the rBC particles tend to be less or relatively thinly coated. T = 4.2 ± 0.2 µs is observed to be a critical point above which T is more strongly dependent on MF.
The coating thickness can be estimated assuming sphericity and will be in the range of 0-180 nm and approaches 60 ± 15 nm when T approaches the critical point. The calculated thickness falls within the range of urban observations by Baumgardner et al. (2007) and Moteki and Kondo (2007) (0-150 nm) using the same approach, but the average is much higher because the particles at this site have been transported a long distance and experienced significant atmospheric ageing. However, the complex morphology of BC makes it difficult to define the coating thickness as the condensed coating layer may not be evenly distributed on the soot aggregates and compaction of the particle shape to a spheroid occurs as a result of atmospheric ageing (Weingartner et al., 1995) .
The mixing efficiency (ME) of BC is defined as the fraction of detected absorbing particles which have a thick coating (defined as MF < 0.27 as Fig. 4b illustrates) . The ME is expected to exhibit pronounced size dependence as it is more difficult to condense sufficient material onto larger rBC cores to obtain a thick coating than it is for small rBC cores. Previously, these effects were reduced by investigating the mixing state over a fairly narrow range, i.e. close to the median D ME at 190-210 nm (Schwarz et al., 2008a) where the rBC has a largest population, and assuming that larger and smaller underlying core sizes were nearly bare and had thick coatings respectively. In this experiment the ME for the total measured particulate was compared with that over the limited size range as conducted previously (Schwarz et al., 2008a; Moteki et al., 2007) . Figure 5 shows that the ME at the rBC median size can represent the mixing trend of the entire group of rBC particles during this experiment, and this approach allows coverage of a wider size range at the expense of the considerable uncertainty in determining the coating thickness of rBC particles. The slightly lower M derived from the total rBC compared with that derived from particles close to the median size is due to the reduction in the collection efficiency of the SP2 at the lower detection limit, given small rBC cores are more likely to be thickly coated.
Attributions of pollutant sources by air mass history, weather type and local wind
The entire experimental period was classified into five phases, each of which has broadly similar local wind direction and similar back trajectories for the past three days. Three arrival altitudes (3400 m, 3600 m and 3800 m) were chosen for each trajectory calculation, which were run every 6 h using the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT; Draxler, 2003). Figure 1 (A1-A5) shows that the JFJ sampling site was dominated by descending air for about 80% of the experimental period. The trajectories show that during each period, the air masses were transported along broadly consistent pathways. The back trajectories are named according to the directions of originating flows corresponding to each period in Fig. 1 , A1-A5. The classified periods are also identified in Fig. 2 , combined with the coloured columns to indicate the precipitation rate and local wind direction.
ig. 5. The first two periods, from 26th February to the 4th March, were relatively clean, this is reflected in the low concentrations of CN and absorbing rBC, as shown in Fig. 2 , Fig. 6a and detailed in Table 2 . All these days belonged to the weather class AW, where aerosol concentrations are typically below average during this time of the year (Lugauer et al., 1988) . During most of this period, the air masses originated in the free troposphere over the North Atlantic Ocean, with rapid transport across north Western Europe and descent to the Jungfraujoch. It is possible that on some occasions during this period polluted air from the industrialized parts of Western Europe was transported to the site. There is evidence of frontal passage early in this period. The dominant local horizontal wind direction was northerly (N). A sharp enhancement of rBC concentration was observed when the local wind was a southeasterly (SE) direction. This is consistent with the known regional sources in the densely populated and highly industrialized Po Valley, north Italy. As Seibert et al. (1998) showed, there can be significant advection of the pollutants in the Po Valley to the northwest high alpine region. Reimann et al. (2008) analyzed 7 years of continuous observations of halocarbons at Jungfraujoch and concluded that a strong influence on the halocarbon levels was found from the Po Valley. In addition, it should be also noted that during this period, the site received continuous heavy snow fall (Fig. 2) , when a large proportion of aerosols were removed. Back trajectory analyses showed that precipitation occurred throughout the previous 3 d during the period from 26th to 27th February, whereas from 28th February to 4th March the precipitation was more likely to be localised. In contrast, convective or mixed type weather types were present during the periods III, IV, and V, indicating the importance of vertical motion during the remainder of the campaign. On the days preceding the 5th March (Period III) the air masses had passed over Spain and southeastern France prior to arrival at the Jungfraujoch. Wet deposition is of less importance for the particle removal during this phase, as shown in Fig. 2 , and rBC mass loading reached its maximum during the experiment. The consistent finding was the rBC mass increase always coincided with SE local wind, and the mass loading was low when the local wind was from the N bringing air to the site from the plateau.
The measurements conducted on 7th March provided evidence that this site can also be a recipient of relatively fresh pollutants. As shown by Fig. 6b , both NO x and CO concentrations were significantly elevated, with NO x increasing by up to five times its mean value. Figure 6a shows that during this period the observed BC was poorly mixed (low BC mixing efficiency) and a large number of Aitken mode Table 2 . A summary of meteorological conditions and aerosol properties categorized by five periods classified by back trajectory analysis (Fig. 1, A1-A5 particles (high sub-micron/accumulation mode ratio) were present. The back trajectory analysis on 7th March revealed that the air mass was advected from lower altitudes. The presence of NO x suggested that the air mass was relatively fresh and the emissions were most likely to have occurred in the past day. More tellingly, a fresh plume was clearly observed around 12:00 noon on 7th March. Around this time, the BC mixing efficiency was low, and this was associated with a significant increase in the concentration of NO x and CO, and enhancement of the loading of smaller particles.
The synoptic flow brought air to the site from the north during period IV from 09 March to 10 March, with the flow mainly from mid-west Germany and above the Swiss plateau. SE local winds were rarely observed during this period. A few periods of enhanced rBC were detected, possibly associated with the convective weather type, but the overall contribution of rBC was small. However, during this period a substantial number of sub-micron particles were observed, resulting in a decreased rBC number fraction (Fig. 6a) . The sporadic peaks of rBC loading coincided with pulses of NO x (Fig. 6b) . These periods were also associated with low BC mixing efficiency and enhanced Aitken mode particles, which implied more localized pollutants arising from sources on the Swiss plateau (even though the largest peaks in CN did not coincide with the rBC peaks).
The air mass history during period V (11 March-13 March) essentially contrasted with the previous days, when the air was transported over southern-eastern Europe. The strong easterly flow brought persistently pollutants from eastern Europe. The back-trajectories indicated descending air masses (Fig. 1, A1-A5 ). The weather classification yielded a convective weather type with subsidence, which provides the best situation for thermally driven convection. This is also confirmed by the fact that the increase in the rBC concentration started around noon on 11 March and 12 March. The rBC in this period showed a high degree of internal mixing, with low NO x levels and only a small proportion of submicron particles were observed to be in the Aitken mode. This may be regarded as an indication that these rBC particles had experienced long distance transport before arriving at the site.
The free tropospheric background under the influences of ground sources and wet removal
The air mass history along with the aerosol and trace gas measurements indicates a typical free tropospheric background at this site for most of the experimental periods, when NO x and CO concentrations were not enhanced, rBC mass loadings showed little variation. The measured results in the free tropospheric background are analyzed as observed occurrence and presented in the first row of Fig. 7 . However, pollutants in the background air can be influenced by valley sources as the SE winds can vent anthropogenic pollutants from the southern Alpine area and industrial northern Italy. The convective weather type could also lift the boundary air from northward when influenced by N wind (Fig. 2) , however, the pollution sources from this direction were less intense and more infrequent. During transport, aerosols are processed, being scavenged, and subsequently removed by wet deposition in the form of precipitation. The particles incorporated into clouds that had not precipitated were also collected by the inlet system. The SE wind direction and precipitation rate therefore govern any perturbation to the measured aerosol loadings in the tropospheric background at this site. These conditions have been identified and the frequency distributions of a range of aerosols and gas phase parameters under these situations are shown in Fig. 7 . Under the influence of SE wind, enhanced rBC mass loadings were frequently observed to perturb the background (Fig. 7a ) from 13 ± 5 ng m −3 to 34 ± 14 ng m −3 (Table 2) . A median value 18 ng m −3 of BC mass loading from Jungfraujoch site for winter conditions was reported by Petzold et al. (2007) , which falls within the results in this study. However, the results are lower than the long term averaged BC mass measurements reported by during the winter time in 2004 and 2005 (54. 2 ng m −3 ), which may result from the different techniques for the quantification of BC mass, although it may also be due to that the site experienced fewer strong pollution events during this study. The rBC mass concentration in the tropospheric background observed in this study is also comparable with the values reported by Schwarz et al. (2006) in the Northern mid-latitude troposphere (1-10 ng m −3 ). Under SE local wind conditions, substantial amounts of pollutants were observed from more localized pollution sources, such as industrial northern Italy. The importance of vertical transport at the Jungfraujoch was first observed by Baltensperger et al. (1991) , and has been analysed in detail by Lugauer et al. (1998 Lugauer et al. ( , 2000 . In addition to transport pathways, precipitation had a significant impact on the removal of rBC, reducing the average rBC mass loading to 4 ± 2 ng m −3 when precipitation particles were over 200 L −1 . On average, about 65% of rBC mass was removed by precipitation compared with the tropospheric background when precipitation was not observed at the site ( Fig. 7a ; Table 2 ). The mass fraction of rBC was also calculated by dividing the rBC mass loading with SMPS-determined total aerosol mass assuming an average aerosol density of 1.5 g cm −3 using the method of Cozic et al. (2008b) . The calculated rBC mass fraction has only a weak dependence on SE wind or precipitation, ranging from 0.01-0.07 during this experiment, which agrees with the out-of-cloud results of BC reported by Cozic et al. (2008b) .
Both CO and BC can act as tracers of primary pollutants because their sources are similar, though their emission ratio is highly dependent on the sources and combustion conditions (Bond et al., 2004) , as well as controlled by meteorological conditions. This tropospheric background maintained a stable median CO concentration of 150 ppbv (Fig. 7b) , but was elevated frequently when influenced by SE wind, corresponding to periods of enhanced rBC mass. The loading of CO in the troposphere was not largely affected by precipitation removal unlike BC. The lower peak occurrence of CO concentration (∼ 120 ppb) in the frequency distributions is consistently observed under different conditions. This is considered to represent the background value and has been subtracted from the measured CO concentration to derive BC/ CO ratios, as depicted in Fig. 7c . A strong correlation between BC and CO has been observed during ground based experiments under the urban environments (e.g. Baumgardner et al., 2002; Kondo et al., 2006) , whereas the BC exhibits less dependence on the CO concentration when away from the sources and the BC/CO ratio reduces (Spackman et al., 2008) . These trends are consistently observed during this study. A strong correlation between CO and BC was observed at this site only when it was influenced by SE wind, and the average BC/ CO ratio (1.5 ng m −3 ppbv −1 , Table 3 ) falls within the other ground based studies (0.88-6.3 ng m −3 ppbv −1 , references above), indicating a strong influence by ground sources. However in the tropospheric background, there is a larger variation in CO for little change in background BC (Fig. 6) , leading to the reduced BC/ CO ratios (average 0.5 ng m −3 ppbv −1 , Table 3 ), and this ratio is further reduced during periods when the air masses reaching the site have been influenced by significant precipitation (0.24 ng m −3 ppbv −1 ). This is due to the different atmospheric removal mechanisms of CO and BC. The lifetime of CO in the atmosphere is principally controlled by oxidation via OH and is around 3 months (Holloway et al., 2000) , whereas the atmospheric lifetime of BC is in the order of 5-10 d with the sink dominated by wet deposition (Textor et al., 2006) .
The loading of non-BC aerosols in the accumulation mode as optically sized by the SP2 (200-720 nm) is shown in Fig. 7d . This shows a significant enhancement of accumulation mode particles in SE wind direction, and about 78% of the total volume was removed by precipitation compared with the tropospheric background ( Table 3) . Periods of SE wind and precipitation influenced the CN concentration (down to 10 nm) in similar ways (Fig. 7e ). Accumulation Table 3 . A summary of the data presented in Fig. 7, including mode aerosols principally contain secondary species arising via condensation and coagulation processes (Raes et al., 2000) , whereas anthropogenic primary aerosols are produced predominantly as Aitken mode particles (e.g. Kittelson et al., 2004) . Therefore the relative fraction of accumulation mode particles can be an indicator of particle ageing time. As Fig. 7f shows, a relatively large fraction of accumulation mode particles were observed in SE wind direction, indicating that the aerosols transported to this site had been well aged. The aerosol present during periods when air masses were affected by precipitation were biased towards smaller sizes compared to the average particle distribution for the period, suggesting the larger aerosols are preferentially removed by scavenging of precipitation (Henning et al., 2002) .
The size distribution and mixing state of BC
The constructed lognormal size distributions of rBC show no significant difference under free tropospheric conditions, when influenced by SE wind and precipitation (Fig. 8a) . The geometric mean MED (D gm ) from directly measured size distribution (190-720 nm) is also calculated in Fig. 8b . The D gm consistently peaks at 220-240 nm for different conditions, but shows slightly higher occurrence at larger sizes when this site is influenced by SE wind, indicating that within the detectable size range, the particles with a larger rBC core have a more efficient removal compared to the particles with a small rBC core. This result suggests the overall wet removal of BC is highly independent of the core size, and the different sizes of rBC could have been scavenged following different mechanisms, i.e. nucleation scavenging by cloud particles to form precipitation, or impaction scavenging by dissolving into the precipitation particle or aerosolhydrometeor coagulation (Jacobson, 2004 ).
As discussed above, the BC that contains an absorbing core with a mass fraction less than 27% is considered to be thickly coated, and the mixing efficiency (ME) indicates the number fraction of thickly coated BC. As Fig. 9a shows, about 40± 15% of the BC is thickly coated during periods of tropospheric background, agreeing with data from the tropical troposphere (Schwarz et al., 2008a) . During SE winds, the ME increased to 48± 17%, but also contained a considerable fraction of fresher BC with ME lower than 0.23. The BC with low ME largely correlated to the enhancement of NO x concentration (Fig. 9b) . As the NO x has a relatively shorter atmospheric lifetime and is more likely to be a marker of fresher sources, this corresponds to the result in Fig. 9b , indicating that the lower ME values are associated with more recently formed BC. Solid fuel fuel combustion (wood) is the primary source of home heating in central Switzerland (e.g. Alfarra et al., 2007; Targino et al., 2009) or from the Po valley when the meteorological conditions make transit times from northern Italy short (Forrer et al., 2000) . Such sources are considerably closer to the site compared to regionally transported sources. Hence NO x concentrations have not yet reduced nor have BC particles become extensively coated. However, the source attribution in this study is not conclusive. The BC remaining at the background after precipitation removal exhibited a slight lower ME (0.36 ± 0.14), which could be explained by the enhanced scavenging of coated BC particles. Figure 10 shows that throughout the experiment, increased numbers of accumulation mode particles are associated with periods when BC is more highly mixed. The conversion from Aitken mode to accumulation mode may be driven by self-coagulation of primary aerosols under high loadings or through condensation of volatile or semi-volatile materials onto solid/liquid aerosol surfaces (Raes et al., 2000) . The coagulation process is of minor importance at ambient aerosol concentrations away from particle sources (Jacobson, 2002) , hence it is likely that the condensation drives the growth of Aitken mode aerosols. This includes the condensation onto BC surfaces, making them more internally mixed. Further evidence for condensation driving the transformation of BC in the free troposphere in the northern hemisphere is provided from the statistical analysis of Schröder et al. (2002) , and also by Moteki et al. (2007) . Particles in the accumulation mode are more efficiently removed compared to particles in the Aitken mode. This can be seen in Fig. 10 , the large circles denoting increased precipitation are increased to the right hand side of the plot, indicating a reduced population of accumulation mode particles under these conditions. 
Summary
This paper presents data of continuous aerosol microphysical measurements at the Jungfraujoch Research Station, a mountain site in the Swiss Alps, during the late winter season of 2007. The main thrust of this study was to characterize the black carbon mass, size distribution and mixing state in sub-micron aerosols using a single particle incandescence method. Air masses arriving at the JFJ were classified using back trajectory analysis and air mass characterisation, in addition to the measurements of rBC, CN and trace gases. It is the first time that the physical properties of BC, including the particle size, total mass loading and mixing state, have been investigated in the free troposphere above Europe using a single particle approach. A median mass absorption coefficient (MAC) of 10.2± 3.2 m 2 g −1 at λ = 630 nm was derived by comparing single particle incandescence measurements of black carbon mass with continuous measurements of absorption coefficient. This value is comparable with other estimates at this location. The weather type (advective, convective, or mixed) was shown to have a strong influence on the vertical transport. Southeasterly winds (SE) associated with mixed or convective weather types were observed to have the potential to vent boundary layer air that is impacted from pollution sources. These sources could be influenced by the southern Alpine area and industrial northern Italy. The pollutants at this site were also subjected to considerable influence by precipitation removal. A statistical analysis has been applied over the data from the entire experimental period to classify the observation period into different representative types of circulation patterns, weather types and precipitation regimes, namely the free tropospheric background; periods of SE wind; and periods of significant precipitation scavenging. The free tropospheric background is categorized as free of significant precipitation, lack of NO x and CO enhancement, during these periods the rBC mass loading, accumulation mode particle concentration and CN displayed relatively low variation. The SE wind conditions were largely associated with enhanced concentrations of rBC mass, increasing to 180% of the experiment average, during which rBC mass was observed to be highly correlated with CO concentration. This suggests strong sources originating from in- complete combustion. This observation indicates the importance of surface sources to the burden in the free tropospheric air. Precipitation removed about 65% of the rBC mass from the free tropospheric background reducing the mean loading from 13 ± 5 ng m −3 to 6 ± 2 ng m −3 , and as CO concentration was not largely affected by wet removal, the CO/BC increased in these conditions. Particles in the accumulation mode were observed to be preferentially removed by precipitation compared to smaller particles in the Aitken mode. Figure 11 summarizes the differences in rBC mass loading in SE winds compared to the free tropospheric background and also compared to the periods of increased precipitation. The background loading is of the same order as has been reported from other tropospheric background stations in northern midlatitudes (e.g. Schwarz et al., 2006) .
The size distribution of rBC during valley flows or during periods of wet removal did not vary significantly from the free tropospheric background, indicating that the ageing and sink of BC are highly independent of the core size. A method to examine the mixing state of BC has been demonstrated -particles with an absorbing core that have mass fractions of less than 27% are considered to be thickly coated. About 40 ± 15% of the observed BC was thickly coated during the periods when the site experienced free tropospheric background conditions. When SE winds vented air mass from southern Alpine valleys, the BC mixing state was more variable. Though the majority of BC particles were thickly coated (48 ± 17%) a fraction of relatively fresh BC coexisted and was largely correlated to the enhancement in NO x concentration. The relative abundance of accumulation mode particles is correlated with the degree of BC mixing, suggesting the important role of condensable materials in increasing particle size as well as enhancing BC mixing state. It is likely that these volatile or semi-volatile condensable materials could contain a considerable fraction of secondary organic and sulfate at this site during the wintertime (Choularton et al., 2008; Sjogren et al., 2008) .
BC transportation to the free troposphere is of great importance because of its potential ability to act as ice nuclei, hereafter reducing the lifetime of ice clouds by enhancing precipitation via ice phase (Lohmann, 2002) . BC has the potential to act as heterogeneous IN, though definitive evidence remains elusive (Kärcher et al., 2007) . In addition, BC may be incorporated into the ice phase via CCN activation of BC that has been internally mixed with water soluble components as a result of the soluble coating, which can subsequently freeze at temperatures below −35 • C -homogenous ice nucleation. Targino et al. (2009) observed that conditions of elevated concentration of BC and other organic and inorganic species at JFJ during CLACE 3 and CLACE 4, conducted in the winters of 2004 and 2005, respectively, were accompanied by an increase in occurrence of glaciated periods. The results suggest that pollution enhancement correlated with ice clouds and gives an indication that an increase in anthropogenic emissions may trigger important changes in mixed phase cloud microphysics, such as crystal number, habit and size. inferred that there was a high degree of BC internal mixing at the JFJ by observing a similar nucleation scavenging efficiency of BC compared to other species, however they did not provide the directly measured values of mixing state. The findings from this study agree with those of and show that during periods of precipitation, BC exhibited a slightly lower degree of mixing (36 ± 14% thickly coated), possibly implying an enhanced scavenging due to the mixing with volatile/semi-volatile materials. However, rather than nucleation scavenging, the inertial scavenging of BC could play a more significant role when incorporated into ice particles of cirrus (Baumgardner et al., 2008) , and the impaction with hydrometeor may also be an important contributor to BC removal by precipitation (Jacobson, 2004) . More work is necessary to investigate the role of particle inertia and different mechanisms for BC to be nucleation activated as IN. The removed BC will be deposited to the snow along with the precipitation reaching the surface. This process can darken the snow, accelerating the snow melting, reducing the surface albedo, in turn resulting in the earth system to receive more solar radiation (Hansen and Nazarenko, 2004; Ramanathan and Carmichael, 2008) .
